I. INTRODUCTION
O NE of the main applications in urban remote sensing is the analysis of buildings. This process consists of, first, the differentiation of buildings and surroundings, and, second, the characterization of located buildings. Building characterization consists of retrieving all relevant parameters concerning a building: shape (length, width) and height. In the scope of this study, the characterization of buildings is reduced to the estimation of their height.
The purpose of this letter is to propose a polarimetric interferometric method to localize and characterize buildings, using L-band synthetic aperture radar (SAR) data, by linking the physical nature of a scatterer with its spatial geometry [1] . This approach consists of three stages. The building localization is performed using a polarimetric and polarimetric interferometric segmentation. The polarimetric segmentation is based on an unsupervised Wishart --classification scheme. An interpretation is attached to the resulting clusters (7) indicate the locations of the buildings under study. The other media present in the scene are (R) roads, (V) forests, (S) fields, and (P) parking lot.
using parameters obtained from the eigendecomposition of a sample coherency matrix, and the observed scene is classified to identity three general types of scattering mechanism: single bounce, double bounce, and volume. Due to the overlap of the volume and double-bounce classes, an additional classification based on a polarimetric/interferometric technique is applied to the volume class. Optimal coherences, introduced in [2] , are used as an input to the Wishart probability distribution of polarimetric interferometric coherency matrices. These approaches are presented in Sections II-A and B. In order to compensate for misclassifications in the building class, an analysis of the interferometric phase, given by the high-resolution Estimation of Signal Parameters via Rotational Invariance Techniques (ESPRIT) method, is proposed in Section II-C. Using these interferometric phases, a phase-to-height procedure is applied over building locations to retrieve building heights. This is presented in Section II-D. Section III contains conclusions regarding this work. The proposed method is validated using polarimetric interferometric SAR data acquired over the Oberpfaffenhofen test site. These data were acquired in L-band (0.23-m wavelength) repeat-pass mode by the German Aerospace Center (DLR) E-SAR system. The spatial resolution of the data used is 1.5 m in range and azimuth. The interferometric baseline used is about 6.0 m. The scene under study is the DLR site, which has some isolated buildings surrounded by complex media like green fields, roads, and forests. Fig. 1 shows an aerial photograph of the chosen test site. Numbers (1)- (7) indicate the locations of the buildings under study. The other media present in the scene are roads (R), forests (V), fields (S), and a parking lot (P). 
A. Polarimetric Classification
The polarimetric classification is performed in the following two steps.
Step 1) Unsupervised Wishart --segmentation: This classification is based on the coherency matrix derived from the scattering vector with (1) Over homogeneous areas, the -look coherency matrix follows the complex non-probability density function . Based on this fact, a maximum-likelihood (ML) classifier has been developed [3] , which assigns each pixel in the SAR image to the class to minimize the distance (2) where is the mean covariance matrix of pixels in class . The unsupervised Wishart --segmentation scheme consists of an iterative -means clustering procedure using the ML distance defined in (2) . The initialization of the class centers in the space of coherency matrices is based on the polarimetric indicators:
(entropy), (anisotropy), and , derived from an eigendecomposition of the sample coherency matrix [4] , [5] .
Step 2) Segmented dataset characterization: The categorization into the basic types of scattering mechanisms is given by an interpretation of the polarimetric indicators. , the entropy, indicates the random aspect of the global scattering phenomenon;
, the anisotropy, reflects the relative importance of the two secondary scattering mechanisms; and indicates the nature of the scattering mechanisms. varies from 0 , corresponding to an isotropic surface, to 90 , indicating an isotropic dihedral or helix [6] . This characterization gives the principal physical nature of scattering mechanism for each Wishart class. Then, three main classes are obtained: double-bounce scatterer, which indicates the presence of buildings, single bounce, in the case of surface areas, and volume diffusion for vegetation or forest.
Each cluster obtained from the Wishart --segmentation procedure is characterized according to its most representative eigenvalue spectrum, evaluated in the -plane as follows [7] : -Low entropy or medium entropy and low anisotropy: one dominant scatterer. Single-and double-bounce scatterings are separated by and . is calculated from the eigenvector corresponding to the largest eigenvalue.
-Medium entropy and high anisotropy: two significant mechanisms. A distributed coherency matrix is constructed from the first two elements of the eigenvector expansion. The nature of the scattering is determined from the first two Huynen generators and [8] . -High entropy: three significant mechanisms. Random polarimetric scattering is associated with volume diffusion. The unsupervised Wishart segmentation with data characterization is applied to the Oberpfaffenhofen test site, presented in Section I. Results are shown in Fig. 2 . This classification is a good description of the test site, and the major types of natural media are well defined ( Figs. 1 and 2 ). Vegetation areas (V) and surfaces (R), (S) are accurately identified. Buildings are, to a large extent, detected well, but some misclassification between the volume class and the double class is evident [groups (4) and (5) in Fig. 2 ]. This is mostly due to the orientation of the building relative to the radar line of sight.
In order to improve the accuracy of building detection, further information has to be used. An analysis of the interferometric coherence can be useful to distinguish buildings from vegetation.
B. Polarimetric Interferometric Classification
The polarimetric interferometric coherent information may be represented by a (6 6) coherency matrix as follows:
with (3) where and represent the target vectors from separate images and corresponds to the (3 3) interferometric crosscorrelation matrix.
The coherence between the different channels is, in addition to the polarimetric information, an important indicator for the properties of the underlying scattering mechanism.
In [2] , a coherence optimization procedure is developed to obtain an optimal set of coherences representing the square root of the eigenvalues of the non-Hermitian matrices [2. eq. (28)]. The set of optimal coherences characterizes a scene and is independent of the radar polarimetric measurement basis. The value of the coherence is maximized in each channel by projecting the target vector onto a specific scattering vector.
The optimal coherences exhibit an enhanced contrast and constitute highly descriptive indicators that can be used effectively in a classification process.
-Areas where the three optimized coherences are similar and independent of the polarization. Such behavior is characteristic of point scatterers and bare soils. -Areas where only one optimized coherence is dominant indicate the presence of a single dominant coherent mechanism within the resolution cell. In this case secondary coherences are significantly lower. This corresponds mostly to surfaces with low SNR responses and certain fields. -Forested areas are characterized by a single dominant mechanism, but have a very low coherence. Rules to segment optimized coherences, proposed in [7] , introduce new characteristic indicators and describing the distribution of the optimized coherences in different channels (4) These parameters give the relative variation amplitude of the different optimized channels. As in the polarimetric case, the indicators and may be used to estimate the number of independent coherent scattering mechanisms in a resolution cell. A value for close to 1 indicates a single coherent scattering mechanism in the resolution cell, while and simultaneously close to 0 suggests weak dependence of the scattering coherence to the polarization. This information may be combined with the results of the polarimetric classification presented in Section II-A in order to classify the areas corresponding to one of the three canonical scattering mechanisms. An unsupervised Wishart classification, initialized with the results of the optimal coherence spectrum segmentation, is applied to interferometric coherency matrices contained in the volume scattering areas.
The inclusion of interferometric information helps to correct the misclassifications obtained in the polarimetric classification: vegetation areas are characterized by high volume (and temporal) decorrelation, whereas buildings are very stable in terms of interferometric coherence. Using this polarimetric interferometric classification approach, a refined double-bounce class may be estimated. Using this double-bounce class, an improved building mask can be obtained, as shown in Fig. 4 . In this mask, all building groups are well detected, but some vegetation areas are still classified as buildings. This is especially the case for the vegetated areas indicated by (V) in Figs. 1 and 4 . This is due to the baseline dependency of the interferometric coherence. In this application, the chosen baseline is relatively small (around 6.0 m), and some vegetated parts do not exhibit significant baseline decorrelation.
In conclusion, polarimetric and a polarimetric interferometric classification are necessary, but not sufficient for the localization of buildings. The use of the interferometric phase information as an additional parameter is required.
C. Interferometric Phase Estimation
In the case of SAR data, backscattered waves result from the sum of different scattering mechanisms. The interferometric phase obtained depends strongly on the medium under observation. Interferometric phases can be estimated using a high-resolution algorithm like ESPRIT, often employed for direction-of-arrival (DoA) estimation in the case of antenna arrays [9] . The main idea of the high-resolution method is to separate the signal from noise. This approach was initially introduced in SAR analysis [10] to study forested areas, where a SAR signal model adapted to ESPRIT algorithm was proposed.
Signals acquired during an interferometric measurement, and , can be written as (5) where denotes the polarization channel ( , , or ). These signals consist of a sum of different elementary scattering contributions: and denote the normalized backscattering coefficients of the th local scatterer in the polarization, and and denote the intensity of the th local scatterer. is the slant range distance between scatterer and the master orbit.
is the range difference between master and slave tracks for the th scatterer. Finally, denotes additive Gaussian noise in the polarization channel. Using a matrix and vector notation, (5) may be written as with (6) Since the targets are located in the far-field region, scattering coefficients of each local scatterer are assumed to be remain identical in both interferometric acquisitions: , . Then, may be simplified as follows:
The form of (6) and (7) is adapted to the ESPRIT algorithm, and the interferometric phase of each dominant scatterer, given by , can be estimated by this method [9] . It has been shown that interferometric phases provided by the ESPRIT algorithm make it possible to remove the vegetation phase bias [11] , [12] . Indeed, the ESPRIT algorithm allows one to retrieve a number of phases depending on the number of dominant scattering mechanisms present in the resolution cell. This means that the phase behavior may differ, depending on the observed medium (Fig. 4) .
Over vegetated areas, two interferometric phases, corresponding to ground or ground-trunk and canopy reflection, are retrieved. In Fig. 4 (left) , the behavior of the interferometric phase generated by the ESPRIT algorithm over a tree is shown. The dashed curve corresponds to the phase of the canopy reflection, while the solid curve corresponds to ground or ground-truck reflection. Over a building, the interferometric phase behavior is different (Fig. 4, right) . Three cases can be distinguished. The first case corresponds to the wave reflecting before it reaches the building. Only the ground reflection is present. The second case is the most crucial: in this case, the wave reaches the building and multiple reflections need to been detected. The ESPRIT algorithm is employed to find the phase corresponding to the ground and the ground-wall reflection (bold solid curve) and the top reflection (bold dashed curve). The last case corresponds only to the top reflection of the building.
The ESPRIT algorithm is applied to the polarimetric interferometric SAR dataset over the area given by the mask of Fig. 3 . A profile is extracted from the result to analyze the ESPRIT phase behavior, shown in Fig. 5 . This profile is composed of two trees (A and B) and a building (C), located in the group of buildings (2) in Fig. 1 . The ESPRIT algorithm gives two optimized interferometric phases and , one for each dominant scattering mechanism. Both phase behaviors discussed in the previous part are present in this profile: over (A) and (B) the difference between and is high, suggesting vegetation. Over (C), on the other hand, the ESPRIT interferometric phase behavior follows the principle illustrated in Fig. 4 (right) , indicating the presence of a building.
It is possible to refine the building localization by analyzing, manually, the ESPRIT interferometric phases over areas given Fig. 4 (left) . Over C, the phase behavior corresponds to that of a building, as in Fig. 4 (right) . 
D. Building Height Retrieval
The last step of the proposed method is the estimation of building heights. Over the areas given by the mask of Fig. 6 , it is sufficient to convert the phase into height information using the following relation: (8) where represents the wavelength, is the range distance between the target and the master sensor at the range position , is the look angle at the range position , is the normal baseline, and denotes the ESPRIT interferometric phase corresponding to the top of building. This formula gives a height difference between the real height and the reference height to which data are processed. In the case of airborne SAR data, each parameter has to be calculated for each range position. The heights of the buildings in the new mask of Fig. 6 are calculated using (8) . From this, a three-dimensional (3-D) model of building groups (1)- (7) has been generated by calculating the average height in each building (in the mask of Fig. 6 ).
The resulting model is shown in Fig. 7 . In the frame of this study, no precise ground truth including the number of buildings and building heights was available. Only a visual height estimation has been performed. By comparison with the aerial photography, more than 80% of buildings have been identified. Table I is a comparison of the visual height estimates and the height estimates obtained using the proposed approach. There is a good agreement between the heights estimated from the ESPRIT interferometric phases and the visual ones. Apart from errors in the visual estimations, a significant source in this case is the small baseline, which implies a very high height ambiguity. This means that a small variation in phase can lead to large height differences. Nevertheless, this approach makes it possible to compute a relatively precise 3-D model of buildings.
III. CONCLUSION
This letter presents a method for building identification and height estimation based on polarimetric interferometric tools. Building identification is performed using a polarimetric classification procedure enhanced by the inclusion of interferometric information. The accuracy of building detection is improved by analyzing the optimized interferometric phase obtained with the ESPRIT algorithm. It becomes possible to distinguish two behaviors; one for vegetation, and one for buildings. After the buildings are located, a phase-to-height conversion is applied, taking into account the range dependencies in airborne SAR data, in order to estimate the height of building. From this, a 3-D representation of buildings can be obtained.
The detection and characterization of buildings using L-band SAR data is a very complex task. The proposed approach makes it possible to retrieve more than 80% of buildings with an acceptable height estimation, using L-band fully polarimetric SAR data, in repeat-pass acquisition mode. The spatial resolution is a limiting factor, and smaller buildings cannot be properly identified with the data used. Nevertheless, the proposed approach can be used to obtain useful results in urban areas, especially over areas with dense mixture of buildings and vegetation. In the future, building edges would have to be detected in order to completely characterize building using L-band fully polarimetric SAR data.
